A study on sensible thermal energy storage (TES) for high temperature solar systems is numerically accomplished. The high temperature TES is cylindrical, the fluid and the solid thermo-physical properties are temperature independent and the radiation heat transfer mechanism is neglected. A parametric analysis is carried out. The commercial CFD Fluent code is used to solve the governing equations in the transient regime. Numerical simulations are carried out at different mass velocity values of the heat-carrying fluid and porosity of the storage medium. The results show the effects of the porosity and of the working fluid mass velocity on the stored thermal energy and on the storage time.
Introduction
Thermal energy storages (TESs) are employed in many solar thermal plants in order to ensure the continuity in energy supply and minimize instability. Moreover, the use of TES for thermal applications, such as space and water heating, cooling and air-conditioning, has recently received attention [1] [2] [3] [4] . The storage purpose is twofold: to increase the value of the power generated by strongly reducing its randomness and to improve the plant economics by using the available hardware for more hours a year. Recent concentrating solar plant projects incorporate heat storage that allows the system to operate for some [6] [7] [8] [9] [10] [11] [12] hours in the absence of solar irradiance [5] .
Three types of TES systems are, generally, employed in high temperature applications: latent heat storage systems, molten salt storage systems and sensible heat storage systems. Cost effective systems demand the utilisation of inexpensive storage materials, which usually exhibit a low thermal conductivity. Essential for the successful development of a storage system is the sufficient heat transfer between the fluid and the storage material. Recently, a high temperature TES was studied by a lab-scale cylindrical storage tank experiment [6] . A heat exchanger of TES was used for separating two fluids: the storage medium and the heat transfer fluid. A multi-tank sensible-heat storage system for storing thermal energy, with a two-tanks molten salt system, was proposed in [7] .
In a high concentrating solar receiver, the temperature reaches values in the range from 800 °C to 1800 °C and the fluid employed in the plant is often a gas, such as air. In air based solar energy utilization systems, storage of hot air is not possible due its low density. A denser medium is required for storage of thermal energy. In sensible TES, energy is stored by changing the temperature of a storage medium, such as water, oil, rock beds, bricks, sand or soil. The amount of energy input to TES by a sensible heat device is proportional to the difference between the final and initial temperatures of the storage medium, its mass and its specific heat. Each medium has its own advantages and disadvantages. Packed bed generally represents the most suitable energy storage unit for air based solar energy systems as mentioned in [8] . An extensive literature review of research work was presented in [9, 10] and, more recently, in [11, 12] .
Several investigations on fixed bed energy storage use the model originally developed by Schumann [13] . This is a one dimensional two-phase transient model that enables the prediction of the axial and temporal distribution of the solid and fluid temperatures. Experiments using steel spheres to determine the heat transfer coefficient between the fluid and solid for air as the working fluid were accomplished in [14] . A modified version of Schumann's model was employed in [15] to solve the model equations using gas as the working fluid. A model with the fixed bed divided into two regions, one near the wall with high void fraction and the other in the bed central region was studied in [16] . The results and method given in [15] were employed in [16] to evaluate the temperature distribution and in [17] to verify high computational times when the ratio of the specific heat of the solid to the specific heat of the fluid was high. Investigations concerning the effects of the radial and axial dispersion in the bed were presented in [18, 19] . How a single phase model can be derived from the continuous solid phase model was demonstrated in [20] . A storage unit of the fixed type using Schumann's model, including possible variations in the fluid inlet temperature, was modelled in [21] .
It was found that the optimization of the packed bed design should aim at maximizing the ratio of total energy availability to total pumping energy, which increases when the size of the material elements increases [22] . However, thermal performance of the system may deteriorate due to the smaller area of contact available for heat transfer [23] .
A numerical study on packed bed thermal models, suitable for sensible and latent heat thermal storage systems, was accomplished in [11] . An experimental investigation on the effect of the system and operating parameters on heat transfer and the pressure drop characteristics of a packed bed solar energy storage system with large sized elements of storage material was conducted in [12] . Solid media sensible heat storage materials were investigated in the experimental study reported in [24] . A thermodynamic procedure to analyze the energy and exergy balances of a rock bed thermal storage system was presented in [25] . A numerical investigation on the sensitivity of the long-term performance simulations of solar energy systems to the degree of stratification in both liquid and packed bed storage units was carried out in [26] .
In this paper a high temperature sensible TES is numerically analyzed and a parametric analysis is accomplished. In the formulation of the model it is assumed that the system geometry is cylindrical, the fluid and the solid thermophysical properties are temperature independent, and the radiation heat transfer mechanism is neglected. The commercial CFD Fluent code is used to solve the governing equations in the transient regime. Numerical simulations are carried out at different mass velocities of the heat-carrying fluid and porosity of the storage medium. The results show the effects of the porosity and of the working fluid mass velocity on the stored thermal energy and on the storage time.
Mathematical description and numerical procedure
The proposed prototype of high temperature sensible TES is a cylinder whose diameter is equal to 0.60 m and height is equal to 1.0 m. The storage material is steel and it is assumed to be a porous medium. The heat-carrying fluid is air. The thermo-physical properties of the steel and the air, reported in Tables 1 and 2 , are temperature independent. The radiation heat transfer mechanism is neglected. Computational domain with imposed boundary conditions.
Thanks to the axisymmetry of the physical model, a two-dimensional analysis was carried out. The employed computational domain is sketched in Fig.1 , where the imposed boundary conditions are reported.
The temperature of the hot air entering the channel, T in , is equal to 1473 K. The commercial CFD code Fluent [27] was employed to solve the governing equations in transient and laminar regime. A rectangular shape mesh with 76800 cells has been employed. The initial temperature of the solid elements and of the heat-carrying fluid is assumed to be equal to 1073 K. Air is the heat-carrying fluid, that is assumed to be an incompressible ideal gas. 
For assigned G, different porosity values were considered. Results are given in terms of stored thermal energy in porous medium after the considered time interval, Q stored , as a function of time. The stored thermal energy is evaluated as
where V 
In Table 3 , the effective density and specific heat values, evaluated for different porosity values, are reported. The viscous and inertial resistance coefficients, 1/ and C 2 respectively, depend on G and  . In Table 4 The converging criteria were 10 -3 for the residuals of the velocity components and 10 -6 for the residuals of the energy. The stored thermal energy for a mass velocity value G=0.20 kg/m 2 s and for different porosity values is reported in Fig.2 . The profiles trends show that at initial time the stored energy is higher for the higher  value and they present an inversion at different time increasing the porosity value. Moreover, increasing the porosity determines a substantial decrease of the stored thermal energy in the long time. At each porosity the stored thermal energy reaches an asymptotic value, which indicates the thermal saturation of the reservoir. The time at which the thermal saturation is reached increases with decreasing porosity due to the increase in the thermal capacity of the reservoir. The lower thermal inertia causes a temperature increase in less time and a smaller thermal capacity, which determines the heat storage saturation in less time, too. The stored thermal energy values are reported in Table 5 for the first eight hours of computational simulation. The choice of this time period allows one to compare this values sequence with different porosity. For 0.45 and after 4 hours, thermal energy stored reaches the 95% of the maximum stored thermal energy value, which is attained after 8 hours. Moreover, the previous observation is confirmed and the best condition for the thermal energy storage is that obtained for a porosity equal to 0.40 after three hours, with Q stored =3.43x10 5 kJ. Increasing the mass velocity value, G=0.30 kg/m 2 s, in Fig. 3 , the differences with respect to the previous case are significant in terms of thermal saturation time. In fact, for this configuration, the profile of the stored thermal energy for a porosity value equal to 0.60 shows the asymptotic value after about 10000 s whereas in the first case this value was about 15000 s. This is due to an increase in the convective heat transfer between the air and the porous medium. This is also evident in Table 6 where the stored thermal energy values are reported for the first eight hours of computational simulation. In this case for a porosity equal to 0.40 a Q stored =3.41x10 5 kJ, very close to the previous value for G=0.20 kg/m 2 s, is attained after 2 hours. It is about the 86% of the saturation value (Q max =3.96x10 5 kJ). Then the higher value of G determines a lower time needed to reach a good thermal storage level.
The variation in the stored thermal energy profiles is more marked when the mass velocity value is varied from G=0.30 kg/m 2 s to G=0.40 kg/m 2 s, as it is observed in Fig 4. For the lowest porosity values the profiles still show an increasing trend with higher stored thermal energy values, whereas for the higher porosity values a sudden increase in the thermal energy stored in the solid medium is observed. It is necessary to underline a progressive change in the material behaviour at increasing mass velocity values, the larger the porosity the larger the change. A reduction in the time necessary to reach the steady state, passing from about 10000 s for G=0.30 kg/m 2 s to about 7500 s for G=0.40 kg/m 2 s, at ε=0.60, is also observed, but with a considerable decrease in the inversion time. The value of this time between ε=0.20 and ε=0.60 changes A numerical investigation on thermal energy storage at high temperature was carried out. The storage is a component of a high temperature (>800 °C) thermal solar plant. The thermal storage was cylindrical, the storage medium was a solid and it was modelled as a porous medium. The transient regime analysis was accomplished in the heating phase of the thermal storage with different mass velocity and porosity values. Results showed that, for the considered parameter values, thermal saturation of the TES was attained after eight hours for all considered porosity values and the larger the mass velocity the lower the saturation time. For an assigned mass velocity value the larger the porosity the higher the stored thermal energy at initial time. After the inversion time the trend is the opposite, i.e., the larger the porosity the lower the maximum storage thermal energy, Q max . However, the best value of porosity to reach about 0.85 Q max in the lowest time is 0.40 for the lowest considered G values and 0.20 for the highest considered G values. 
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